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Abstract: This article presents the results of the analysis of the studies of the operation of a 
modified IEEE-13 distribution feeder, which was built to scale in the laboratory at Universidad 
del Norte. In this article, we show the cases of the operating regimes of the modified IEEE-13, 
before the different levels of wind energy penetration. The modified IEEE-13 distribution feeder 
was built taking into account that each of the scaled modules and their generator-load will work 
under the conditions of the Universidad del Norte laboratory. An experimental methodology was 
used to compare the results obtained in the actual scaled model with the results of the 
simulations in specialized programs. The conclusions of the article show the wind energy that 
can be injected into an electrical system with conventional power generation so that it can 
maintain its operation complying with the current regulatory framework. 
Keywords: Distributed Generation, Electrical Losses, Energy Efficiency, IEEE-13, Renewable 
Energies, Wind energy. 
 
Resumen: En este artículo se presentan los resultados del análisis de los estudios de la 
operación de un alimentador de distribución IEEE-13 modificado, que fue construido a escala 
en el laboratorio en la Universidad del Norte. En este artículo, se muestran los casos de los 
regímenes de operación del IEEE-13 modificado, ante los diferentes niveles de penetración de 
energía eólica. Este alimentador de distribución IEEE-13 modificado se construyó teniendo en 
cuenta que cada uno de los módulos escalados y su generador-carga funcionarán en las 
condiciones particulares del laboratorio de la Universidad del Norte. Se utilizó una metodología 
experimental que, para la comparación de los resultados obtenidos en el modelo real escalado, 
con los resultados de las simulaciones en programas especializados. Se pudo definir la 
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cantidad de energía eólica que se puede inyectar a un sistema eléctrico con generación de 
energía convencional, de modo que pueda mantener su funcionamiento, no sólo respetando 
las condiciones técnicas, sino también bajo el estricto cumplimiento de un marco regulatorio. 
Palabras clave: Generación Distribuida, Pérdidas Eléctricas, Eficiencia Energética, IEEE-13, 
Energías Renovables, Energía Eólica. 
 
1. Introduction 
The installed capacity of electricity generation in the Non-Interconnected Zones (ZNI for its 
acronym in Spanish) in Colombia is 99.9% by diesel generation. The access to electricity in the 
ZNI is deficient and has an expensive service; where its real cost corresponds to twice the 
average cost of the kWh of the National Interconnected System, with the aggravating 
circumstance that it only receives service half of the hours of the day [1]. For this reason, it is 
planned to achieve a contribution of 30% of the installed capacity of electricity generation with 
non-conventional energies in the ZNI by 2020. This is supported by the law 1715 of 2014, which 
promotes the use of non-conventional sources of energy, mainly in ZNI, with the purpose of 
strengthening the national energy supply, under a sustainable economic framework [2].  
The high levels of penetration of renewable energies in conventional distribution systems 
present a new challenge in the normal operation of the system [3]. Several authors have 
centered their work on an integration of distribution systems with emerging renewable 
technologies, including distributed wind generation [4]–[6]. The distributed wind generation 
resource modifies the normal operation of the system due to its inherent intermittency and its 
limited capacity to deliver reactive power to the network [7]. In [8] Méndez et al., they evaluate 
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the performance of the losses of the distribution system due to the high penetration of 
distributed generation in the network. The authors present an approach to calculate annualized 
losses in the system due to the different levels of penetration and concentration of wind energy 
in the system. 
In [4] Moustafa et al., they propose a methodology for the optimal integration of distributed 
generation with wind resource and energy storage systems. In the discussion, it is shown that 
the intermittency of wind power generation systems affects the operating costs of the 
distribution system for the companies providing the service. This increase in costs occurs when 
the penetration of wind energy in the distribution system increases. Therefore, the proposal is 
aimed at optimally locating energy storage systems that mitigate the intermittency of distributed 
wind generation subject to technical constraints. 
In [9] Ahmadi and Ghasemi propose a method to determine the maximum penetration level of 
wind farms based on synchronous machines and doubly fed induction machines. Considering 
the random nature of the wind speed, the article performs a transient stability analysis to 
determine the maximum penetration level of the wind farms. The obtained results show that the 
high penetration of wind generators produces a reduction of the general inertia of the system 
for which the authors propose a methodology based on a unit commitment with restrictions due 
to the wind farms. 
In [10] Liew and Strbac study the embedded wind generation connection in a rural type 
distribution system. Rural distribution systems have the particular of covering large distances 
and having scattered loads. This particularity presents a challenge to maximize the benefits of 
wind generation and transform conventional distribution systems into active distribution 
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systems. The authors present three insertion strategies that are evaluated throughout the 
research work: Wind generation during periods of low demand, wind generation with 
compensation of reactive power and wind generation with change control of tap transformers. 
Other lines of research are focused on system variables such as power quality, operating costs 
and the risks associated with the integration of distributed wind generation. In [11] Mahela et 
al., They study the power quality in distribution networks with high wind penetration. In [12] 
Zubo et al., Present a distribution market proposal for the integration of networks with high 
penetration of wind and solar energy. In [13] Chang et al., they evaluate the risks associated 
with the high penetration of wind farms in the transmission systems and generators already 
installed in the network. 
The strategic area of the energy of the Universidad del Norte has developed a microgrid, which 
was planned to recreate real operating scenarios similar to the networks of the ZNI [14]. The 
microgrid has generation modules that emulate non-conventional energy sources. The 
contributions of the wind profiles are modeled and simulated, where the different operating 
conditions were studied. The microgrid and its generation modules allow evaluating variables 
such as energy efficiency, the increase in the use of non-conventional renewable energies, the 
reduction of greenhouse gas emissions, the increase in security of supply and the minimization 
of electrical losses. 
The designed microgrid is scaled up to the voltage level of 220 V. The local distribution network 
and the emulators compose the micro-grid based on the IEEE-13 standard. In addition, a model 
was developed with specialized software, in order to evaluate the network before different 
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operating scenarios, these being: steady-state study connected and isolated from the Local 
Distribution Network (LDN) and the study in the isolated dynamic state of the network. 
 
Figure 1. Modified IEEE 13 one-line diagram. Source: own. 
 
2. Basic design of the microgrid 
2.1. Topology selection 
The distribution network model was selected according to the IEEE-13 test feeder and was 
adapted for laboratory work, as shown in Figure 1. 
 
2.2. Wind speed study 
The measurements made of the wind speeds allowed to elaborate a statistical profile. With the 
historical data, the measures of central tendency and dispersion were calculated for the data 
set in the months of record. In this manner, it was possible to know the distribution of the 
frequency of the winds, as shown in Figure 2. We identified 18 wind speeds. The wind speed 
with the highest frequency was 2.2 m/s.  
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Figure 2. Wind speed histogram. Source: own. 
 
2.3. Characteristics of the wind turbine and diesel generator 
The ENAIR wind turbine was selected for its efficiency, design and its capacity to generate 
electricity at considerably low wind speeds [15]. The wind turbine has a starting speed of 1.8 
m/s and an efficient generation range of 2 to 60 m/s, with a nominal power of 1900 W. The 
machine operates according to IEC 61400 class IA  [16]. In addition, it has a controller for 
charging batteries and its connection to the local network.  
The wind turbines and the diesel plant were characterized according to the modified model of 
the IEEE-13 standard. In this sense, the plant was modeled with the characteristics of the 
synchronous generators of the LEM (Laboratory of Electrical Machines) of the Universidad del 
Norte. On the other hand, for wind turbines, the factor and power curve of the machine were 
specified, as well as its nominal voltage and power. Next, in Figure 3, the simulated system is 
presented in specialized software, in connection with the wind turbines and the diesel plant. 
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Figure 3. Software model of IEEE-13 Test feeder. Source: own. 
 
3. Wind energy generation  
The wind potential was determined by the environmental characteristics of the site and the 
technical characteristics of the selected wind turbine, using the Weibull distribution as shown in 
Figure 4. The wind turbine has a sweep radius of 1.9 m, which allowed it to reach a power of 
1155.45 W in the seven months of data collection (Table 1). The analysis of the wind speed, 
estimating the energy that the wind turbine could generate per month is shown in Table 2. 
 
Figure 4. Wind speed probability distribution. Source: own. 
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Month Wind Power (W) 
October 28,227 
November 23,779 
December 148,892 
January 234,286 
February 247,380 
March 317,574 
April 155,318 
Total 1155,45 
Table 1. Wind turbine power ENAIR E30 Pro. Source: own. 
 
Month Average energy 24h per 
month (Wh) 
Energy 
peak (Wh) 
Hour 
October 524,56 48,14 1:00 - 1:55 pm 
November 509,62 53,12 1:00 - 1:55 pm 
December 2693,35 169,32 4:00 - 4:55 pm 
January 4125,93 243,19 12:00 - 12:55 pm 
February 4097,71 261,45 3:00 - 3:55 pm 
March 5039,76 296,31 2:00 - 2:55 pm 
April 2623,63 224,93 3:00 - 3:55 pm 
Table 2. Wind energy per month. Source: own. 
 
4. Design of experiments 
For the design of the experiment, 4 case studies were established (Table 3) based on 3 criteria, 
taking into account the location in the microgrid of non-conventional generation sources. In the 
first criterion, the monophasic and biphasic nodes are not considered as possible connection 
points. Also, as a second criterion, node 632 is not taken into account for the inclusion of 
renewable sources, since it is the point of connection of the microgrid to the network and node 
632 is the connection point of the diesel plant for the isolated case. Finally, the third criterion 
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considers the distance between the renewable source and the demand points. The wind 
turbines are located in those nodes that present the highest demand, in order to minimize losses 
and voltage drops. 
Case 1 - Distributed generation concentrated in node 680. Node without generation or 
initial demand. 
Case 2 - Generation distributed in nodes 633, 671 and 675. Three-phase nodes close to 
demand. 
Case 3 - Distributed centralized generation in node 671. Central node in the network. In 
addition, the largest centralized demand in the network (33.3% of total active 
power demand). 
Case 4 - Distributed generation centralized in node 675. The node with the second highest 
demand (24.3% of the total active demand of the network). 
Table 3. Case study. Source: own. 
 
In the framework of the previous observations, the tests of the wind models in the transient 
simulations led to the conclusion that the existing models would provide an acceptable 
response to the transient voltage tests, however, they were not suitable for the stability test of 
the small signal [17]. 
 
5. Analysis and results  
5.1. Steady-state study: connected and isolated to the distribution network 
In this section, we present the simulations of the steady-state: system connected and isolated 
to the LDN, and two methods were used for data analysis. The first of the methods consists of 
the analysis of the response variables of the system before each case study. The second 
method selected the case study with the best response to the inclusion of wind generation in 
the network. The results presented below were obtained by the first method. 
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5.1.1. Voltage analysis 
The voltages of phase A, which are shown in Figure 5, are within the range established by the 
Comisión de Regulación de Energía y Gas CREG 024 de 2005 [18] under the injection of the 
renewable source to the network. The voltages of phase B presented a negative response to 
the increase in the power injection of the wind turbines. Phase B presented the same tendency 
as the others (increase in voltage in the nodes near the power injection point). However, the 
increase in voltage at B resulted in relatively significant overvoltage at nodes 671, 675, 692 and 
680. 
 
Figure 5. Voltage phase A – Case 2. Source: own. 
 
The voltages of phase C presented a consistent response between the different case studies; 
the behavior trend was the increase in the tension of the nodes that presented the worst 
regulation values  (nodes 671, 692, 675, 680, 684, 652 and 611). On the other hand, the nodes 
that presented the best regulation values (645, 646, 633 and 634) maintained almost constant 
voltage values against the changes of active wind power injected into the network. 
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5.1.2. Loadability lines analysis 
Case 1: The increase in wind generation ended in a decrease in current on line 632-671. At 
the same time, there was an increase in current on line 671-680, because all the wind 
generation was concentrated in node 680. Even so, no overloads are generated in this case 
study. 
Case 2: The distribution of wind generation in the network had a more significant response in 
the system. The loadability of lines 632-671, 632-633 and 692-675 was reduced to the point 
where the generation of wind turbines exceeded local demand and began to provide power to 
the rest of the system. However, it should be clarified that in the present case study there were 
no violations of operating conditions due to overloads in the lines. 
Case 3: This case did not present a greater contribution than decreasing the flow transported 
by line 632-671. No overloads on the lines were generated. 
Case 4: Line 632-671 showed a decrease in the current while the current on line 692-675 was 
decreased; because the demand located in node 675 began to be supplied by wind turbines. 
With a high penetration, the current of line 692-671 increased its loadability, but with an inverse 
flow to that presented before. In this case, there was an overload of 120% of the nominal value 
of the line. 
 
5.1.3. Power loss analysis  
The response of the system to the inclusion of renewable energies was given as a decrease in 
the total losses of the system (within the wind ranges studied). Figure 6 shows that case studies 
3 and 4 show the lowest values in their loss curves.  
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Figure 6. Power losses of the system before the inclusion of renewable. Source: own. 
 
During the development of the study method, a statistical analysis of each of the response 
variables of the system was carried out. First, we proceeded to the study of voltages; for this, 
Root Mean Square Error (RMSE) was calculated for each case. In this sense, the error or 
difference between the voltages of every node along the iterative process of the DPL 
(DIgSILENT Programming Language) with reference to the ideal voltage (1 p.u) was calculated. 
Next, (1) was used to calculate the RMSE of every node. 
𝑅𝑀𝑆𝐸 = √
1
𝑛
∑|𝑉𝑟𝑒𝑓 − 𝑉𝑗|
2
𝑛
𝑗=1
                                                        (1) 
Where: 
𝑛: Number of iterations (18 iterations). 
𝑉𝑗: voltage node at iteration j. 
𝑉𝑟𝑒𝑓: Reference value of the voltage (1 p.u.). 
Thus, in 67% of the nodes of phase A, case study 4 presented the smallest deviations with 
reference to the tension of 1 p.u .; while, in the second case study, the lowest RMSE values 
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were presented in the remaining nodes, as shown in Table 4. The voltages of phase b have the 
same response. The second case studied was the one that presented the lowest RMSE values 
(67% of the nodes) shown in Table 5. 
RMSE Voltage Phase A 
NODE CASE 1 CASE 2 CASE 3 CASE 4 
N_632 0 0 0 0 
N_633 0,0732 0,0498 0,0732 0,0731 
N_634 0,3115 0,2648 0,3115 0,3114 
N_671 1,1895 1,2643 1,1866 1,1853 
N_692 1,1895 1,2643 1,1866 1,1853 
N_675 1,4630 1,5150 1,4599 1,3890 
N_684 1,2672 1,3429 1,2642 1,2629 
N_680 1,0952 1,2642 1,1866 1,1853 
N_652 1,4261 1,5035 1,4230 1,4216 
Table 4. RMSE Voltage Phase A. Source: own. 
 
RMSE Voltage Phase B 
NODE CASE 1 CASE 2 CASE 3 CASE 4 
N_632 0 0 0 0 
N_645 0,3375 0,3375 0,3375 0,3375 
N_646 0,4112 0,4112 0,4112 0,4112 
N_633 0,1056 0,0706 0,1057 0,1058 
N_634 0,2939 0,2463 0,2940 0,2941 
N_671 0,2785 0,2463 0,2837 0,2813 
N_692 0,2785 0,2463 0,2837 0,2813 
N_675 0,4264 0,4244 0,4312 0,5179 
N_680 0,3342 0,2463 0,2837 0,2813 
Table 5. RMSE Voltage Phase A. Source: own. 
 
Table 6 shows the values of phase c voltage, in which 50% of the nodes had lower values of 
RMSE in the fourth case study. In contrast, 20% of the remaining nodes had a better response 
in the second case study and only 10% obtained the best stress values in the first case study. 
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RMSE Voltage Phase C 
NODE CASE 1 CASE 2 CASE 3 CASE 4 
N_632 0 0 0 0 
N_645 0,0015 0,0015 0,0015 0,0015 
N_646 0,0024 0,0024 0,0024 0,0024 
N_633 0,0017 0,0012 0,0017 0,0017 
N_634 0,0039 0,0033 0,0039 0,0039 
N_671 0,0172 0,0179 0,0172 0,0172 
N_692 0,0172 0,0179 0,0172 0,0172 
N_675 0,0184 0,0190 0,0184 0,0179 
N_684 0,0182 0,0189 0,0181 0,0181 
N_611 0,0190 0,0197 0,0189 0,0189 
N_680 0,0162 0,0179 0,0172 0,0172 
Table 6. RMSE Voltage Phase C. Source: own. 
 
Summary, voltages nodes of the microgrid presented the best response to the inclusion of wind 
sources in Case 4, where the lowest RMSE values were obtained in 62% of voltages analyzed. 
Subsequently, the analysis of the loadability of the microgrid lines was carried out. Table 7 
shows the overload that occurred in case 4, due to the overload generated in line 675-692. 
 LOADABILITY (%) AVERAGE POWER LOSSES (%) 
CASE 1 69,189 0,000499 
CASE 2 70,447 0,000459 
CASE 3 70,447 0,000435 
CASE 4 120,467 0,000444 
Table 7. Maximum loadability and average power losses. Source: own. 
 
Additionally, Table 7 shows the average total losses expressed in a percentage that was 
obtained. Specifically, the third case study does not outrage the loadability restrictions of the 
conductors of the lines, likewise, it has the second best voltage response and presents the 
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lowest losses. Therefore, the dynamic study will analyze the centralized wind generation in 
node 671. 
The results presented so far correspond to the scenario where the microgrid operates 
connected to the local distribution network. Likewise, steady-state studies were carried out for 
an isolated case. The difference between the response of the system operating in isolation and 
connected is not significant. 
 
5.2. Dynamic study isolated to the distribution network 
RMS simulations were carried out in which the frequency and voltage response of the system 
was analyzed under the fluctuation of the wind and demand. First, the dynamic study of the 
system was carried out under fluctuations in wind speed. In Figure 7, the histogram of the wind 
speed changes between two continuous measurements is shown. On the other hand, in Figure 
7 it is possible to observe that the greatest variation between wind speeds recorded between 
two continuous measurements is 3.6 m/s.  
 
Figure 7. Histogram of variations in recorded wind speeds. Source: own. 
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Initially, the response of the system to the variation of power generated by three wind turbines 
was simulated. Therefore, the power swap to which the network was subjected was 2520 W in 
5 minutes (8.4 W/s). Based on the above considerations, the results were as follows. 
 
Figure 8. Frequency response in the critical change with 2 wind turbines. Source: own. 
 
When the network is governed to the change of power generated by the wind turbines, a 
progressive imbalance between generation and demand originates. For this case, at the end of 
the loading event, the frequency had a value of 59,468 Hz. 
 
Figure 9. Frequency response to a power change of 22%. Source: own. 
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On the other hand, the inertia of the system added to that of the diesel generator did not manage 
to maintain the system under acceptable operating conditions faced to the variation of the power 
of three wind turbines. For this reason, the same analysis was carried out with two wind 
turbines. Figure 8 shows the frequency results of this event. 
In fact, given that the conditions for frequency regulation were not reached, the system analysis 
was carried out with a single wind turbine, where the response shown in Figure 9 was obtained. 
Total 
Demand (W) 
Power 
demand 
change (%) 
Power demand 
change(W) 
Frequency 
(Hz) 
4243 
10% 424,3 59,91 
20% 848,6 59,82 
22% 933,46 59,8 
Table 8. Frequency response to sudden changes in demand. Source: own. 
 
Consequently, the largest instantaneous change such that the system can stay within the 
ranges accepted by the distribution system design standard [19] is 934 W. In fact, power 
changes that exceed 22% of the demand of the system affect changes in frequency. The 
aforementioned data are shown in Table 8. 
 
6. Conclusions and recommendations 
First, historical wind data analysis was carried out at Universidad del Norte, whose results 
showed low wind speeds compared to those required to support the proposed microgrid. The 
power and energy generated by the wind turbines were minimal for the requirements of the 
microgrid. Wind potentials are less than 10% of the total demand of the system. The greatest 
potential recorded was in the month of March with a total of 317.5 W and the power demanded 
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by the system is 4228 W. The highest generation peak with 296.31 Wh occurred during the 
month of March, too. In relation to the losses that occur when incorporating renewable energies 
to the system, it can be concluded that these are minimized by having a wind contribution. In 
the system, the presented variations were within a range of ± 0.005 p.u. 
Analyzing the different case studies, the best connection point for the wind generators is node 
671, because it presented the lowest percentages of losses, there were no overloads in the 
lines and, in addition, the voltages nodes remained within the range established by legislation. 
In the same way, by applying direct injection to the network by wind turbines and studying the 
frequency response of the system, it was concluded that the number of wind turbines that can 
be implemented is limited to one; otherwise, the conditions of stability would be violated due to 
the fluctuations of power injected by the wind turbines 
Finally, the sudden change in demand that may occur, such that the frequency does not exceed 
the regulatory ranges is 934 W, which represents a change in demand equal to 22%. 
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